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1 

METHOD AND APPARATUS FOR 
MEASURING MULTIPHASE FLOWS 

Field of the Invention 

The present invention relates to multiphase flowmeters, such as those used in the oil 
industry to estimate fractions and flow rates of oil, water, and gas ( i.e. , gaseous hydrocarbons, 
not "gasoline") flowing through pipes. Although the invention is described with reference to 
its preferred use in oil/gas/water measurements, it is by no means limited to such 
applications; rather, as will become apparent, aspects of the invention find application in a 
wide variety of industrial and chemical processes. 

Background of the Invention 

The capability of measuring the flowrates of multiphase fluids in a pipe — without the 
need to interrupt fluid flow or separate the phases during the measurement process — has been 
a long-felt need in the chemical and petroleum industries. Applications of such "multiphase 
flowmeters" are widespread, particularly in the oil business. Because almost all wells 
produce a mixture of oil, water, and gas, flow measurements of the individual components of 
the fluid mixture are essential in the efficient production of a reservoir. Today, at the surface, 
these measurements are made through separators, which are costly and bulky, especially for 
offshore applications. The availability of a reliable, cheap, compact, and accurate multiphase 
meter would satisfy an important and long-felt need in oilfield completion and production 
operations. 

There have been many previous attempts to develop multiphase flowmeters. 
Generally speaking, these prior-art devices attempt to utilize differences in the absorption of 
X-rays or Gamma-rays by the oil, water, and gas components of the multiphase mixture. As 
is well-known by persons skilled in the art, such prior-art devices have limited accuracy, 
particularly in the case of gas fractions above 90%, a common situation in real- world 
applications. 

Examples of prior- art flowmeters using Gamma-ray sources are disclosed in U.S. 
Patent Nos. 4,788,852 and 5,025,160, as well as PCT Publication Nos. WO 93/24811 and 
WO 94/25859, all of which are incorporated herein by reference. Similarly, examples of X- 
ray-based devices appear in U.S. Patent Nos. 4,490,609 and 5,689,540, both of which are also 
incorporated herein by reference. 
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One feature shared by all of the aforementioned prior-art devices is the use of 
spectroscopic analysis of the detected of Gamma-rays and X-rays. * Specifically, in each of 
these systems, there exists a detector which measures the energy of each individual photon 
received, thus creating a spec tro graphic picture (or histogram) showing the energy 
distribution of all received photons. Typically, two independent measurements are obtained 
by setting a "high energy" window (where the Compton Effect dominates) and a "low 
energy" window (where the Photoelectric Effect dominates). See '852 patent, claim 1 ("A 
method of measuring the proportions of various components in a crude oil mixture flowing 
through a pipeline comprising the steps of ... detecting the gamma rays or x-rays of at least 
three distinct energy levels passing through a known volume of the mixture to generate three 
signals ..."); '160 patent, col. 2, lines 58-65 ("a method for measuring liquid flow velocity of 
a multiphase flow containing at least two liquid phases, said method comprising the steps of: 
... (ii) measuring at a first location the intensities of gamma-rays at two different gamma-ra y 
energies , ..."); '24811 PCT, at 9 ('The signals produced by detector 14 in response to the 
detected gamma-rays are transmitted to a processing computer unit 16 which determines the 
intensities of the gamma-rays at both energies "); '25859 PCT, at 4, lines 5-7 ("then, by 
measuring the radiation absorption through a pipline filled with oil, water and gas, at two 
gamma-rav energy levels ..."); '609 patent, col. 2, lines, 37-41 ("By spectral analysis of the 
resultant flux, two measurements related to respectively the lower and the higher energy 
ranges are produced, from which ..."); and '540 patent, col. 2, lines 53-55 ('The detector 
electronics (not shown) bin the detected energy into histograms as a function of energy."). In 
order to produce such an energy spectrum from the radiation detector, individual X-ray or 
Gamma-ray photons received by the detector must be separately analyzed. 

Summary of the Invention 

The inventors herein have recognized that the need to process individual photon 
interactions in the detector of a multiphase flowmeter fundamentally limits the available 
performance of the flowmeter. Real world applications involve multiphase flow velocity of 
10 m/s or greater. Moreover, the flows are highly irregular, especially in situations of high 
gas concentrations. Thus, in order to accurately characterize such rapid and irregular flows, it 
is desirable to "capture" the flows over small time intervals (Le,, small enough that the fluid 
moves negligibly during an interval). For a flow velocity of 10 m/s, the fluid will move 0.01 
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cm in a 10 fiisec period. Thus, for a spatial resolution of 0.01 cm, the flowmeter must 
produce a measurement everylO |j.secs. 

Currently, the fastest available X-ray or Gamma-ray processing systems can operate 
with throughputs up to about 10 6 photons/sec. Therefore, in a 10 jxsec period, while the 
rapidly moving fluid is approximately constant, only 10 photon interactions in the detector 
can be processed. However, ten photons is not nearly enough to ensure accuracy in the 
measurement. (As is well-known among persons skilled in the nuclear arts: to achieve a 
relative accuracy of 10%, 100 photons are required; and to achieve a relative accuracy of 1%, 
10,000 photons are required.) Thus, the inventors herein have concluded that traditional 
approaches are fundamentally incapable of providing accurate results in real world 
problems — even using the fastest, most expensive electronics available. 

Instead, as the inventors herein have realized, what is desirable to make accurate 
multiphase flow measurements in a pipe is a means of taking a "flash picture" of the 
composition of the fluid in the pipe in a time period short relative to the fluid flow 
fluctuations. In oil production wells, typical fluid flows reach 10 m/sec. If the interrogation 
region is I cm along the direction of fluid flow, then 1% of the fluid will move out of the 
interrogation region in 10 [usee. Thus, a 10 |nsec flash (containing a sufficient number of 
photons) should yield information sufficient to provide instantaneous concentrations of oil, 
water and gas accurate to the level of 1% within the region probed by the X-ray/detector 
system. In general, for a three component fluid, two independent measurements must be 
made during each flash in order to completely characterize the fluid concentrations. The flow 
rates then can be determined via pressure differential measurements using a Venturi tube or 
by correlations of "flash" X-ray measurements. 

The instant invention eliminates the need to process individual photon interactions 
during any time period. Rather, only the sum of the radiation collected by (or deposited in) 
the detector(s) during the interrogation interval is measured. As a result, any X-ray flux, 
however high, can be processed during the chosen time interval. 

Accordingly, generally speaking, and without intending to be limiting, one aspect of 
the invention relates to methods of characterizing a multiphase mixture, such as the 
following: (i) irradiating said mixture with X-rays; (ii) collecting photons emanating from 
said mixture in response to said irradiation; (iii) generating a signal responsive to the 
aggregate energy of the collected photons; and (iv) analyzing the signal to characterize the 
mixture. 
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Again, generally speaking, and without intending to be limiting, another aspect of the 
invention relates to other methods of characterizing a multiphase mixture, such as the 
following: (i) irradiating said mixture with an X-ray pulse; (ii) collecting energy, including a 
plurality of photons, emanating from said mixture in response to said X-ray pulse; (iii) 
generating first and second signals in response to said collected energy; and (iv) analyzing 
said first and second signals to characterize the mixture. 

Again, generally speaking, and without intending to be limiting, another aspect of the 
invention relates to methods of characterizing a multiphase mixture flowing along a flow 
path, such as the following: (i) directing a plurality of X-ray photons toward a first location 
along the flow path of said mixture; (ii) collecting multiple photons of X-rays transmitted 
through said first location and producing a first signal in response to the collected aggregate 
energy; (iii) directing a plurality of X-ray photons toward a second location along the flow 
path of said mixture; (iv) collecting multiple photons of X-rays transmitted through said 
second location and producing a second signal in response to the collected aggregate energy; 
and (v) analyzing said first and second signals. 

Again, generally speaking, and without intending to be limiting, another aspect of the 
invention relates to methods of characterizing a multiphase mixture, such as the following: (i) 
directing a first pulse of X-rays, having a first energy spectrum, into said mixture; (ii) 
collecting photons emanating from said mixture in response to said first X-ray pulse and 
generating a first signal in response to the aggregate energy of the photons collected; (iii) 
directing a second pulse of X-rays, having a second energy spectrum, different from said first 
spectrum, into said mixture; (iv) collecting photons emanating from said mixture in response 
to said second X-ray pulse and generating a second signal in response to the aggregate energy 
of the photons collected; and (v) analyzing the first and second signals to characterize the 
mixture. 

Again, generally speaking, and without intending to be limiting, another aspect of the 
invention relates to other methods of characterizing a multiphase mixture, such as the 
following: (i) directing a pulse of X-rays into said mixture; (ii) collecting photons emanating 
from said mixture in response to said pulse, using a first detector, having a first response 
characteristic, to produce a first signal, responsive to the aggregate energy of the collected 
photons; (iii) collecting photons emanating from said mixture in response to said pulse, using 
a second detector, having a second response characteristic, different from said first response 
characteristic, to produce a second signal, responsive to the aggregate energy of the collected 
photons; and, (iv) analyzing the first and second signals to characterize the mixture. 
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Again, generally speaking, and without intending to be limiting, another aspect of the 
invention relates to other apparatus for characterizing a multiphase mixture, such as the 
following combination: (i) an X-ray source irradiating said mixture; (ii) a detector collecting 
photons emanating from said mixture in response to said irradiation, said detector generating 
a signal responsive to the aggregate energy of the collected photons; and (iii) means for 
analyzing the signal to characterize the mixture. 

Again, generally speaking, and without intending to be limiting, another aspect of the 
invention relates to other apparatus for characterizing a multiphase mixture, such as the 
following combination: (i) a pulsed X-ray source; (ii) a detector, collecting energy, including 
a plurality of photons, emanating from said mixture in response to said X-ray pulse, and 
generating first and second signals in response to said collected energy; and (iv) means for 
analyzing said first and second signals to characterize the mixture. 

Again, generally speaking, and without intending to be limiting, another aspect of the 
invention relates to other apparatus for characterizing a multiphase mixture flowing along a 
flow path, such as the following combination: (i) an X-ray source, arranged to direct a 
plurality of X-ray photons toward said mixture; (ii) a first detector, arranged to collect 
multiple photons of X-rays transmitted through a first location along the flow path of said 
mixture and produce a first signal in response to the collected aggregate energy; (iii) a second 
detector, arranged to collect multiple photons of X-rays transmitted through a second location 
along the flow path of said mixture and produce a second signal in response to the collected 
aggregate energy; and (iv) means for analyzing said first and second signals. 

Again, generally speaking, and without intending to be limiting, another aspect of the 
invention relates to other apparatus for characterizing a multiphase mixture, such as the 
following combination: (i) a first X-ray source, generating a first pulse, having a first energy 
spectrum; (ii) a detector, collecting photons emanating from said mixture in response to said 
first X-ray pulse and generating a first signal in response to the aggregate energy of the 
photons collected; (iii) a second X-ray source, generating a second pulse, having a second 
energy spectrum, different from said first spectrum, said detector collecting photons 
emanating from said mixture in response to said second X-ray pulse and generating a second 
signal in response to the aggregate energy of the photons collected; and (iv) means for 
analyzing the first and second signals to characterize the mixture. 

Again, generally speaking, and without intending to be limiting, another aspect of the 
invention relates to other apparatus for characterizing a multiphase mixture, such as the 
following combination: (i) a pulsed X-ray source; (ii) a first detector, arranged to collect 
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photons emanating from said mixture in response to said pulse, and having a first response 
characteristic, so as to produce a first signal, responsive to the aggregate energy of the 
collected photons; (iii) a second detector, arranged to collect photons emanating from said 
mixture in response to said pulse, and having a second response characteristic, different from 
said first response characteristic, so as to produce a second signal, responsive to the aggregate 
energy of the collected photons; and (iv) means for analyzing the first and second signals to 
characterize the mixture. 

Still other aspects, objects, and advantages of the present invention will become 
apparent in light of the detailed description below. 

Brief Description of the Figures 

Selected aspects and/or embodiments of the invention is/are depicted in the attached 
set of figures, which set is intended to be exemplary (and by no means exhaustive or 
limiting), and in which: 

FIG. la depicts a first exemplary embodiment of the invention; 

FIG. lb depicts a top view of the FIG. la embodiment; 

FIG. 2a depicts a typical bremsstrahlung spectrum emitted by an X-ray tube; 

FIG. 2b depicts exemplary response functions for a low-energy detector, filter, and 
high-energy black detector placed successively in the path of an X-ray beam; 

FIG. 2c depicts exemplary energy spectra received by detectors of the type 

exemplified in FIG. 2b; 

FIG. 3a depicts an exemplary embodiment of a double-headed X-ray tube for use in 

connection with the invention; 

FIG. 3b depicts another exemplary embodiment of the invention; 
FIG. 4 depicts yet another exemplary embodiment of the invention; 
__F1G. 5 depicts a triggering technique for use connection with the invention; 
FIG. 6 depicts yet another exemplary embodiment of the invention; and, 
HGs. 7-8 depict exemplary response functions. 

Description of the Preferred Embodiments 

Referring to FIG. 1, an exemplary embodiment of the invention illustratively includes 
a one or more Venturi restrictions (or other pipe(s) or containment(s)) 1, one or more 
generator packages 2, and one or more detector packages 3. (As used herein, Venturi means 
a piece of pipe with a restriction in its middle; this restriction can go to zero, so the term 
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Venturi includes a straight piece of pipe.) A generator package 2 illustratively includes one 
or more X-ray generator tubes 4, one or more 137 Cs (or other radioactive) sources 5, and one 
or more monitor detectors 6. X-ray tubes 4 may operate in continuous or pulsed mode. 
(When more than one tube is used, the additional tube(s) can be used to obtain cross- 
correlation information — e^, a second detector package can be installed in front of the 
second X-ray tube for cross-correlation purposes. Alternatively, such cross-correlation 
information can be obtained with a single X-ray source and multiple detectors, spatially 
separated along the direction of the mixture flow.) X-ray tubes can also be multi-headed and 
operate with successive flashes at different energies. 

A monitor detector 6 is preferably located close to the origin of the X-rays. Its 
function is to measure the X-ray flux, so as to normalize the X-ray output from flash to flash 
(or to detect and correct possible drifts during continuous mode operation). The X-ray tube 
itself can be powered either by a continuous power supply (preferably a 60 kV dc supply, as 
described below) or a pulsed supply. The advantages of the dc power supply are its 
extremely stable characteristics (especially in terms of voltage) and the fact that it can be run 
continuously for a period of time, as described below. The pulsed power supply, however, is 
potentially cheaper and requires less power to operate; it also can lead to a simplification of 
the detector package. 

A Venturi 1 preferably includes a system of collimation and windows transparent to 
X-rays (in particular, low energy X-rays, around 20 keV) as part of the wall through which 
the multiphase mixture flows. 

Detector package 3 may include a number of detectors 7, each with varying 
characteristics aimed at capturing selected region(s) of the spectra resulting from the 
interaction of X-rays with the multiphase mixture. The detector characteristics are optimized 
so as to maximize the difference between the components of the multiphase mixture. (In the 
case of an oilfield application, the multiphase mixture is oil, water and gas.) Alternatively, 
some intermediate detectors can be replaced by filters. 

Referring now to FIG. lb, a plurality of detectors 7a can be mounted around the pipe 
and configured to operate in a "tomographic mode ,, — thereby providing spatial information 
about the distribution of the multiphase mixture in a cross-section. 

The invention preferably involves sending a intense and short flash of X-rays 
(typically 10 Cs or greater) through the multiphase mixture. These X-rays have a 
characteristic bremsstrahlung spectrum. In traversing the multiphase mixture, the X-rays 
interact, through various processes, with the mixture, where they are absorbed and scattered. 
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The transmitted X-rays reach a series of detectors, typically mounted on the other side of the 
pipe and stacked behind each other. A typical detector stack includes a low-energy detector, 
followed by a detector that stops nearly all the remaining radiation (a "black detector"). Any 
number of detectors can be used; however, two is a sufficient number for a three-phase 
mixture, since the three phase fractions must sum to one. (Consequently, two independent 
pieces of information are used to solve for the three fractions, which are provided by the two 
(or "dual") detectors.) 

The energy absorbed by each detector is a function of the phase fractions. An 
inversion algorithm is used to extract the phase fractions from the energy absorbed in the 
detectors. 

In FIG. 2a, an exemplary initial bremsstrahlung spectrum is represented. (NOTE: 
These, and other, figures herein are intended merely to illustrate and explain concepts related 
to the invention. Such figures may contain numerical inaccuracies, and may not be drawn to 
scale.) FIG. 2b shows a typical response sought with the succession of a low energy detector, 
an intermediate filter, and a black high energy detector. The total energy measured by the 
low-energy and black detectors is represented as cross-hatched areas 10 and 11 in FIG. 2c, 
respectively. Each X-ray flash measurement provides a low-energy value (most sensitive to 
the difference between the oil and water) and a high-energy value (most sensitive to the 
difference between the liquid and gas). 

Such a series of detectors can be advantageously implemented as a set of 
"sandwiched" semi-conductor materials, each reading part of the output spectrum. This type 
of implementation offers several advantages — e^, compactness and easy adaptability to 
systems in which more than two detectors are used. 

Compared to the spectroscopic methods of the prior art, the invention's method of 
flash X-ray interrogation has the tremendous advantage that it makes full use of the potential 
power of the X-ray tube. ( I.e. , whatever the number of photons sent by the tube, only the 
total energy deposited in each detector is measured; thus, the measurement electronics is only 
required to handle two such measurements (for a two detector system) per flash.) 
Consequently, the flash X-ray technique has at least two significant advantages over the prior 
art. The first is that each "flash" measurement can have a sufficient photon count to 
minimize nuclear statistics; this is a very significant benefit, since the set of equations needed 
to derive the final phase fractions is strongly nonlinear (in several ways), and, as those skilled 
in the art will appreciate, can propagate measurement errors in non-intuitive ways, with a 
strong effect on the final answer. The second advantage is that since the flash measurement 
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can be extremely fast, a high number of flashes can be sent within a short time (typically 100 
to 1000 per second) without straining the speed of the associated detector or measurement 
electronics, but giving an extraordinary detailed "time signature" of the flow, which can be 
put to good use to improve the final accuracy of the answer. 

The invention can also be used to obtain valuable insight into multiphase fluid 
mechanics. A very sensitive quantity in all the multiphase flowmeters — based on a Venturi 
principle (Dp measurement between its entrance and its throat) — is the "slip" relationship 
between the gas and the liquid phases. Traditionally, this relationship (the "slip law") is 
obtained from measurements in flowloops and tabulated for use under field conditions. 
However, given the extreme variety of conditions encountered in the field, it will be apparent 
to persons skilled in the art that laboratory-based slip law predictions will commonly prove 
inadequate in the field. Accurate slip law information is important, in particular, for a 
correct prediction of the gas flowrate (or GOR). 

In accordance with the instant invention, slip law information can be obtained by 
leaving the X-ray tube on continuously and by sampling one of the detector channels as fast 
as possible. (If one samples at 10 Ds, 100,000 samples per second can be measured.) One 
can, then, Fourier transform this signal (or take its power spectrum) to obtain a "signature" of 
the various structures of the flow— e.g. , the difference between large liquid structures, 
characteristic of the liquid velocity, and small liquid structures, entrained by the gas and 
characteristic of the gas velocity, can be analyzed. One way to obtain a quantitative estimate 
of the slip law is to observe how fast the signal changes in one of the detectors while the front 
of an incoming liquid or gas slug passes by. Information about the length of this front 
(derived, for example, from existing slug models) gives an approximation of the flow 
velocity. Alternatively, the size of the X-ray beam can be used (which, in the presently- 
preferred embodiment, it is on the order of a few millimeters). By sampling fast, for a given 
large structure, this length, divided by the rise-time of the signal, provides an estimate of the 
velocity of the structure. Finally, a definitive way to obtain velocity information is to use a 
second X-ray tube and detector assembly, located downstream (or, alternatively, a single X- 
ray tube, with multiple, spatially separated detectors), and to cross-correlate the signals from 
the two detectors. 

Exempt Cesium sources (or other radiation sources) find several applications in 
connection with the invention. First, they are used to stabilize the various detectors in the 
assembly. A Cesium source, at 662 keV, results in principally Compton interaction. Being 
exempt, its count rate is low. If one considers that every X-ray flash yields the instantaneous 
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water, oil and gas fractions, then these instantaneous results, when averaged over the time it 
takes to obtain a reasonable number of counts for the Cesium signal (e^, 5-10 minutes for 
typical parameters), should identically verify the averaged time fraction equation for the 
Cesium. This provides first an intrinsic check of the validity of the X-ray measurement, but 
can also be used to derive one of the structural parameters of the system: That is, it can be 
shown that the time averaged fractions can be eliminated from the system to provide a 
relationship between the attenuation coefficient of the water, oil and gas. As a result, one of 
these parameters can be derived as a function of the others (such as water salinity). Water 
salinity can be unambiguously derived because the three pieces of information (low-energy 
response, high-energy response, and Cesium response) are independent. 

X-ray tube(s) used in connection with the invention should preferably deliver a 
consistent bremsstrahlung spectrum, especially with a stable endpoint voltage. Such X-ray 
tube(s) also preferably include the capability of pulsing at 100-1000 pulses/second. Those 
skilled in the art will appreciate that many X-ray tubes fit these preferences. See, e^, U.S. 
Patent No. 5,680,431, X-RAY GENERATOR, by Pietras and Stephenson. The '431 device 
is particularly preferred because of its ability to be rapidly switched by LEDs and its 
grounded target. 

The nature of a tube's target can be important because it influences the energy 
makeup of the bremsstrahlung spectrum. An X-ray tube with transmission targets (such as 
the 4 431 X-ray tube) is a convenient embodiment. Heavy metal transmission targets (such as 
gold) should preferably be optimized in thickness so as to limit the reabsorption of photons 
by the target. One of the preferred tubes is a low Z target (such as Molybdenum), because it 
produces a fluorescence line within the low-energy window of interest. This packs more 
low-energy photons in the low-energy window. The matching of such target characteristics 
to the low-energy detector design significantly improves overall oil and water discrimination. 

Reference is now made to FIG. 3a, which depicts an exemplary multi-headed (in the 
illustrated case, two-headed) X-ray tube 20. Tube 20 includes one target 21, but two electron 
sources 22-23. Such a tube, with two heads, can be operated at two different endpoint 
energies. Thus, a succession of flashes, alternately at the high energy, then the low energy, 
can be produced. Using this design, only a single (preferably black) detector 25 is needed in 
the detector package 24 (see FIG. 3b), because successive high- and low-energy flashes 
provide the information required to characterize a three-phase mixture. 

Exempt Cesium sources used in connection with the invention preferably have a well- 
defined energy spectrum, which is acquired through a Multichannel Analyzer in the system. 



WO 99/60387 



11 



PCT/US99/10911 



This is the only part of the system that requires "spectroscopy." The detector response to X- 
ray flashes is typically processed through different electronics boards, whose role is just to 
integrate the light coming from the flash in the detector. 

Power supplies used in connection with the invention can be AC or DC. In either 
case, such supplies should preferably have good endpoint voltage stability. 

Low-energy detectors used in connection with the invention should capture the low- 
energy region of interest ( e.g. , 10-30 keV) and be as transparent as possible in the high- 
energy region (e.g., 45-60 keV). Such detectors should also be stable in temperature, given 
the typical use of multiphase flowmeters in the oilfield. Suitable candidates for such a 
detector include a plastic scintillator or a transmission ionization chamber, such as a Krypton 
ionization chamber. 

The role of a filter in a dual detector configuration is to reduce the low-energy 
photon's contribution to the black detector. This results in a notable increase of the dynamic 
range of the system, especially regarding its ability to handle large (95% and above) gascut 
situations. In a dual detector implementation, the filter is preferably selected to maximize the 
dynamic range. 

In a dual detector system, the "high energy" detector is the last one and has to capture 
the leftover radiation. Many candidates can be used, such as Nal, LSO, or Csl. GSO is 
presently preferred. 

A sample holder 26 can be used for calibration purposes. It is preferably placed in the 
path of the X-ray beam, on the detector package side, before the detectors. It can contain, 
when the pipe is empty, nothing, water, oil, or a known sample or mixture. The response of 
each detector is then recorded, and this constitutes the calibration of the system for gas, water 
and oil. 

Referring now to FIG. 4, an exemplary embodiment of the invention includes a 
Venturi 40, generator package 41, and detector package 42. 

Generator package 41 preferably includes a DC or AC power supply 43, X-ray tube 
44, radiation source 45, and monitor detector 46. X-ray tube 44, preferably powered by a DC 
power supply, is preferably controlled and pulsed by LEDs and a set of exempt 137 Cs (662 
keV) sources 45 in generator package 41. 

Detector package 42 includes an X-ray/Gamma-ray detector, oriented toward the 
throat of Venturi 40. X-rays are generated by the X-ray tube 44 preferably in flashes or 
bursts, which can be as short as 10 microseconds, or as long as the power supply 45 permits. 

1 37 

Gamma-rays are emitted by a radioactive source 45, preferably Cs. 
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Signal processing electronics (not depicted) differentiates between the weak (e^, 662 
keV) Gamma-rays from the radioactive ( e.g. , 137 Cs) source and those induced by the X-rays 
based upon the timing of the X-ray pulse(s). The 137 Cs photons are preferably analyzed 
through a Multichannel analyzer. For the X-ray photons, only the sum of the X-ray energy 
deposited in detector 47 during each pulse is analyzed, thus requiring very simple and low- 
cost electronics with modest speed requirements. A monitor detector 46 is preferably used to 
normalize fluctuations of the X-ray tube output. The energy requirement for X-ray tube 44 
can be very low (e^, a 30 kV power supply), which contributes to the reliability and the low 
cost of this embodiment. 

Still referring to FIG. 4, the measurements obtained from this system are a set of X- 
ray flash intensities (there could be, for example, 100 flashes per second, of 10ms duration 
each) and a reading of the 662 keV attenuation from the radioactive source(s). The 662 keV 
data should be acquired for a period of time long enough to minimize nuclear statistical 
variances. 

The system (of FIG. 4) can be operated in several different modes. For example, one 
can use a pulsed power supply to generate a series of single-energy X-ray pulses, thus 
obtaining measurements similar to those described above. Using pulsed power allows a low- 
power system to deliver large instantaneous power during the pulse. 

When powering the X-ray tube with a pulsed power supply, it is possible, by pulsing 
it at different voltages, to retrieve additional information about the flow. For example, a 
typical use would be to operate the X-ray tube first with a low-energy voltage pulse (30kV 
for example), followed, later, by a high-energy pulse (60kV for example), each individual 
pulse lasting only a few microseconds. Each pulse will dump a certain quantity of energy 
into detector 47, thus providing two independent pieces of information (because of the 
different attenuation mechanisms implicated by each pulse). 

In the case of this scheme, where the X-ray tube is pulsed alternately at low (for 
example, 30 keV) then high (for example, 50 keV) energies, the inventors have made the 
following striking discovery. For a fixed high-energy endpoint pulse, there exists an 
optimum low-energy endpoint (the "golden energy") which makes the inversion problem 
(Le,, the problem of computing phase fraction(s) from the detector signal(s)) linear, to a very 
good approximation (1% can be reached). This extraordinary result has the effect of 
simplifying considerably the calibration of the system: At the golden endpoint energy, only a 
pure water and pure oil calibration is required, without having to know the details of the 
attenuation of the oil or the water. 
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The above scheme can be generalized to a set of n (greater than 2) pulses. For 
example, one could introduce a third, lower-energy pulse (15 or 20 kV for example), to 
provide additional information about the calibration coefficients of the system. One can also 
use such information to track possible changes in one of the constituents of the system — e^g,, 
the salinity of the water, the sulfur content of the oil, etc. 

Radioactive sources can be used for two very useful purposes. First, they provide an 
overall quality check, over a few minutes, of the validity of the set of X-ray flashes measured 
during the same time period. In other words, the average density computed from the fraction 
derived from the X-ray flashes can be compared, over a given time period, with the measured 
with the radioactive source. Any drift in the measurement of the X-ray flashes can, therefore, 
be detected. Second, one can derive three equations for the time-averaged (over the time 
needed to make one Cesium measurement available) phase fractions (2 from the X-ray 
flashes, 1 from the Cesium). The sum of the averaged fractions should also be one. 
Eliminating the phase fraction between these four equations, one is left with an expression 
linking the calibration coefficients of the oil, water and gas. This equation can be used to 
calculate one of the calibration parameters: for example, the water salinity or the sulfur 
content of the oil. 

Moreover, when using the dual-energy pulsing scheme described above, one can 
trigger the acquisition electronics according to the voltage of the pulse, as illustrated in FIG. 
5. As depicted in FIG. 5, a first trigger 50 provokes an integration during the low-voltage 
part of the pulse. After a reading of the detector, a second trigger 51 starts the integration 
(possibly using a second integrator) for the high-voltage part of the pulse. (Note: this 
technique can be used on the ascending or descending part of the signal). Alternatively, a 
double-headed (or multi-headed) tube (e^, FIG. 3a) can be used. Such multi-headed tube(s) 
can provide a similar flash scheme, alternately flashing between two or more energies, as 
previously described. Each tube in the multi-headed assembly can also be powered with a 
DC power supply. This offers the potential advantage of providing a very stable voltage (for 
a precise measurement) and the ability to deliver arbitrarily long pulses. 

Referring now to FIG. 6, a further exemplary embodiment of the invention includes a 
detector package 60, containing a high-energy detector 61, filter 63, and low-energy detector 
62. Detectors 61 and 62 are designed to be sensitive to different X-ray energies. For 
example, low-energy detector 61 can be a "thin" detector, capable of primarily stopping X- 
rays up to 30 keV, and high-energy detector 61 can be a "thick" detector, stopping all the X- 
rays that reach it. In addition, the presence of a filter 63 between the two detectors, designed 
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to attenuate as much as possible the X-rays below a certain energy, without affecting too 
much the X-rays to be captured in the high energy windows, increases the difference between 
the response functions of the two detectors, thus enhancing the dynamic range. Using this 
embodiment, two pieces of information are obtained per flash. Further information is 
obtained from a radioactive source 45, as described in connection with the previous 
embodiment(s). 

Generally, in order to make a flowmeter, some velocity information must be derived. 
This can be done by measuring the pressure differential across the Venturi. This Dp is 
generally related closely to the liquid velocity (as mentioned earlier, the "slip" between the 
oil and the water is negligible and they are considered to have the same velocity). Gas 
velocity is then derived from a "slip law," which is typically calibrated from flowloops. 
There is no certainty that a given "slip law" will hold for particular multiphase mixtures and 
conditions in the oilfield. In fact, imprecision in the "slip law" is a well-known problem with 
conventional flowmeter designs. The invention, because it can sample the multiphase fluid 
so fast, can calibrate the slip law on site. This is a significant advantage, compared to prior- 
art approaches. 

Using an X-ray tube with a DC power supply, one can leave the tube "on" and sample 
one of the detector signals as fast as possible with the available electronics (standard 
electronics should be able to sample at 100 kHz for a short time). The resulting signal 
contains the time fluctuation of the flow, in particular, different time structures for the gas 
and liquid events. When large gas slugs pass by the detector, they entrain small liquid 
structures, which travel almost at the gas velocity. These structures are a signature of the gas 
velocity. Conversely, when large liquid events occur, one obtains signatures of the liquid 
velocity. These time signatures can be analyzed in different ways, directly in the time 
domain or by Fourier transform, or by taking a power spectrum. 

A length scale can be introduced in several ways to transform these time signatures 
into velocities: e^, the pipe diameter, the size of the collimated X-ray beam, the typical size 
of a slug front (based on a model), etc. By combining these length estimates with the time 
signature information, one can derive the slip between the gas and liquid phases. 

Alternatively, to estimate these velocities in a direct way, one can cross-correlate the 
signals from multiple, spatially separated detectors, as exemplified in FIG. la. The 
interpretation of such time signals is similar— Le,, the small liquid drops within large gas 
events are representative of the gas velocity, while the large liquid slugs give the liquid 
velocity. The gas/liquid slip velocity is thus measured directly. 
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As shown in FIG. lb, an array of detectors around the pipe (a "tomographic detector") 
can be used to estimate phase concentrations along chords that are not diameters, so as to 
correct the "line of sight" estimate of the concentrations. Such a "tomographic mode" setup 
can be used in any of the embodiments described herein. 

We will discuss and illustrate below the inversion of the data of the previous system, 
i.e. , how one goes from the measured low and high intensity X-ray signals in the detector(s) 
to the phase fractions of the multiphase fluid mixture. 

The DC power supply case : From a given X-ray flash, one obtains two pieces of data 
at low and high energy. Let us call the bremstrahlung spectrum f(E). It has an endpoint 
energy E end . The response of the low energy detector can be written: 
E 

S L = Jf (E)e"^ windovvdwindow e " (a °^ o+0Cw ^ w+a ^ )d (l - e "^ LdL )dE 
o 

where: 

S L is the energy deposited in the low energy detector, 

window is the linear attenuation coefficient of the window material of the walls of the pipe 
(transparent to X-rays), 

d window is the totaI Sickness of the wall material (there are two walls), 

0C o , CC W , OC a are respectively the fraction of oil, water and gas, 

|l1 0 , JLX w , [I a are respectively the oil, water and gas linear attenuation coefficients, 

d is the internal diameter of the pipe (or Venturi section), 

jlx L is the low energy detector linear attenuation coefficient, 

d L is the low energy detector thickness. 

f(E), ^window (E), d window , JI L (E) and d L are system parameters that are measured in 
the lab. 

fl 0 (E), |A W (E), |la(E) are calculated from the known composition of each phase or 

measured with a high resolution detector. 
The sum of the 3 phase fractions is one: 

a 0 + cc w + ct g = 1 

The signal in the low energy detector can be plotted as a function of the phase fractions or, 
more physically of the two independent parameters WLR (water/liquid ratio) and GLR (gas 
liquid ratio). 
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WLR= a 



GLR = 



Similarly, the response of the high energy detector can be modeled by: 

E 

S H = Jf(E)e^ wi ^^ 
o 

where: 

JLX F is the linear attenuation coefficient of the filter, 
dp is the thickness of the filter. 

|0, F (E) and d F are system parameters known form the lab. 

It has been assumed above that the high-energy detector traps all the remaining radiation in 
the system (Le,, it is black), a very good approximation if one uses GSO as a crystal. The 
results of this exemplary inversion are summed up in FIG. 7, where the response of the 

following quantities are plotted: 

f \ 



-In 



-In 



{ \ 



on the X-axis 



on the Y-axis 



S H and S L are the gas response of the system (so that the gas point is at the origin of 
the plot). 

What appears on FIG. 7 is a curvilinear triangle, whose extremities are the response of the 
pure phases (gas, oil and water). Once this triangle is tabulated, one can go from the 
measured parameters (S H .S L ) to the fluid fractions (GLR,WLR) for each X-ray flash. 

The AC power supply case : One is now operating at two endpoint energies, E L and 
E H with alternating X-ray flash (or with triggered integrators within the same flash) and a 
single detection detector. Let us analyze the case of separate flashes (the case of triggered 
integrators is very similar). The low energy response of the detector is given by: 
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where: 



f L (E) is the low energy brehmstrahlung spectrum, measured in the lab. 
Similarly, the high energy response is given by: 

S H = ^f H (E)e-^wmdowdw^ 



where: 



f H (E) is the high energy brehmstrahlung spectrum, measured in the lab. 



FIG. 8 shows a typical plot of -In 



V D J 



( 



versus —In 



V 



H c 



The same analysis applies 



as above. However, as can be seen from this plot, the triangle is very close to linearity. This 
is because we are operating at a low energy of around 30 keV, the so-called "golden energy". 
This has remarkable consequences for the calibration procedure: Since the inversion is 
linear, the details of the absorption coefficients versus energy are irrelevant, and the system 
can be calibrated just by knowing the total response at each corner of the triangle (Le,, for the 
pure phases) and by linearly interpolating between the corners. If we define: 



L w = -In 



Sl... 
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L„ = -In 
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H w =-ln 
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>L, 
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H„ = -In 
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where these four quantities are obtained from the system when a pure phase is present, we 
can express the WLR and GLR as: 

FT p _ (L„, -L n )(H w -H)-(H w -H n )(L w -L) 
H(L W -L 0 )-L(H W -H 0 ) 

Hl-LH 



WLR = 



L(H 0 -H W ) + H(L W -L 0 ) 
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If necessary, this linear approximation can be corrected by the method described previously. 
The correction can be estimated by linearizing the inversion equations around the estimate of 
GLR and WLR above. 

While the foregoing has described and exemplified aspects of various embodiments of 
the present invention, those skilled in the art will recognize that alternative elements and 
techniques, and/or combinations and permutations of the described elements and techniques, 
can be substituted for, or added to, the embodiments and methods described herein. It is 
preferred, therefore, that the present invention not be defined by the specific apparatus and 
methods described herein, but rather by the appended claims, which are intended to be 
construed in accordance with the following well-settled principles of claim construction: 

• Each claim should be given its broadest reasonable interpretation, consistent with the 
specification. 

• Limitations should not be read from the specification or drawings into the claims (e^, if 
the claim calls for a "chair," and the specification and drawings show a rocking chair, the 
claim term "chair" should not be limited to a rocking chair, but rather should be construed 
to cover any type of "chair"). 

• The words "comprising," "including," and "having" are always open-ended, irrespective 
of whether they appear as the primary transitional phrase of a claim, or as a transitional 
phrase within an element or sub-element of the claim (e^, the claim "a widget 
comprising: A; B; and C" would be infringed by a device containing 2A's, B, and 3C's; 
also, the claim "a gizmo comprising: A; B, including X, Y, and Z; and C, having P and 
Q" would be infringed by a device containing 3A's, 2X's, 3Y's, Z, 6P's, and Q). 

• The indefinite articles "a" or "an" mean "one or more"; where, instead, a purely singular 
meaning is intended, a phrase such as "one," "only one," or "a single," will appear. 

• Descriptive matter which appears only in the preamble portion of a claim is not to be 
considered a limitation of the claim. 

• Words in a claim should be given their plain, ordinary, and generic meaning, unless it is 
readily apparent from the specification that an unusual meaning was intended. 

• In a method claim, the order of steps is unimportant, unless the claim language 
specifically states that a given step must be performed before (or after) another. See 
Vaupel Textilmaschinen KG v. Meccanica Euro Italia s.p.a. , 20 USPQ2d 1045, 1053 
(Fed. Cir. 1991). 
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Where the phrase "means for" appears in a claim limitation, it is intended that the 
limitation be construed in accordance with 35 U.S.C. §112 <][6; conversely, an absence of 
the specific words "means for' connotes an intent that the "plain meaning" rule, rather 
than §1 12 f6 r be used in construing the limitation. 

Where the phrase "means for" precedes a data processing or manipulation "function," it is 
intended that the resulting means-plus-function element be construed to cover any, and 
all, computer implementation(s) of the recited "function." 

A claim that contains more than one computer-implemented means-plus-function element 
should not be construed to require that each means-plus-function element must be a 
structurally distinct entity (such as a particular piece of hardware or block of code); 
rather, such claim should be construed merely to require that the overall combination of 
hardware/software which implements the invention must, as a whole, implement at least 
the function(s) called for by the claim's means-plus-function element(s). 
A means-plus-function element should be construed to require only the "function" 
specifically articulated in the claim, and not in a way that requires additional "functions" 
or "functional limitations" described in the specification or performed in the preferred 
embodiment(s). 

In accordance with O.T. Cor p. v. Tekmar Co. . 42 USPQ2d 1777, 1782 (Fed. Cir. 1997), "a 
statement in a preamble of a result that necessarily follows from performing a series of 
steps does not convert each of those steps into step-plus-function clauses." 
The existence of method (or article of manufacture) claims that parallel a set of means- 
plus-function apparatus claims does not mean, suggest, or imply that the method (or 
article of manufacture) claims should be construed under 35 U.S.C. §112 <J[6. See 
Tekmar , 42 USPQ2d at 1782 ("Each claim must be independently reviewed in order to 
determine if it is subject to the requirements of section 112, Para. 6. Interpretation of 
claims would be confusing indeed if claims that are not means- or step- plus-function 
claims were to be interpreted as if they were, only because they use language similar to 
that used in other claims that are subject to this provision/'). 

The step-plus-function provision of 35 U.S.C. §112 16 does not apply to a limitation that 
recites an "act," rather than a "function." See Serrano v. Telular Corp. , 42 USPQ2d 1538, 
1542 (Fed. Cir. 1997). As used in the claims below, the verbs "analyze, collect, cross- 
coirelate, direct, generate, irradiate, pulse, produce, and receive" are intended to describe 
acts, rather than functions or steps. 
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• A means-plus-function limitation should never be construed as limited solely to the 
structure(s) described in the specification. See D.M.I. . Inc. v. Deere & Co. , 225 USPQ 
236, 238 (Fed. Cir. 1985) ('The statute, §112-6, was written precisely to avoid a holding 
that a means-plus-function limitation must be read as covering only the means disclosed 
in the specification."). 

• Limitations from the narrow claims should not be "read into" the broad claims. See, e^, 
Tandon Corp. v. United States Int'l Trade Comm'n , 4 USPQ2d 1283, 1288 (Fed. Cir. 
1987) ("There is presumed to be a difference in meaning and scope when different words 
or phrases are used in separate claims. To the extent that the absence of such difference 
in meaning and scope would make a claim superfluous, the doctrine of claim 
differentiation states the presumption that the difference between claims is significant."). 
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What is claimed is : 

1. A method of characterizing a multiphase mixture, comprising the following acts: 

(i) irradiating said mixture with X-rays; 

(ii) collecting photons emanating from said mixture in response to said 

irradiation; 

(iii) generating a signal responsive to the aggregate energy of the collected 

photons; and, 

(iv) analyzing the signal to characterize the mixture. 

2. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 
(i) comprises pulsing an X-ray tube. 

3. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 
(i) comprises repetitively pulsing an X-ray tube. 

4. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 
(i) comprises alternately pulsing an X-ray tube with first and second voltages. 

5. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 
(i) comprises alternately pulsing a multi-headed X-ray tube. 

6. A method of characterizing a multiphase mixture, as defined in claim 1. wherein act 
(i) comprises continuously producing X-rays using a DC-powered X-ray tube. 

7. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 

(i) comprises irradiating said mixture with X-rays from a plurality of X-ray sources 
surrounding the mixture. 

8. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 

(ii) comprises collecting photons in a black detector. 

9. A method of characterizing a multiphase mixture, as defined in claim i, wherein act 
(ii) comprises collecting photons with a detector having a defined response function. 
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10. A method of characterizing a multiphase mixture, as defined in claim i, wherein act 
(ii) comprises directing photons into a filter and collecting those photons which pass through 
the filter in a black detector. 

11. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 
(ii) comprises collecting photons deposited in a stage of a multi-layer detector. 

12. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 

(ii) comprises collecting photons in a plurality of detectors surrounding the mixture. 

13. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 

(iii) comprises triggering a detector to create a signal responsive to the aggregate energy of 
photons collected by the detector. 

14. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 
(iii) comprises periodically triggering a detector to create a signal responsive to the aggregate 
energy of photons collected by the detector. 

15. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 
(iii) comprises triggering a detector periodically, and in harmony with the triggering of an X- 
ray source, to create a signal responsive to the aggregate energy of photons collected by the 
detector. 

16. A method of characterizing a multiphase mixture, as defined in claim 15, wherein act 

(iii) further comprises setting a relative trigger delay, between source and detector, to 
selectively collect photons within a preferred energy spectrum. 

17. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 

(iv) comprises detecting components of the mixture. 



18. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 
(iv) comprises computing flow velocities for one or more component(s) of the mixture. 
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19. A method of characterizing a multiphase mixture, as defined in claim 1, wherein act 
(iv) comprises detecting the passage of slugs flowing in the mixture. 

20. A method of characterizing a multiphase mixture, comprising the following acts: 

(i) irradiating said mixture with an X-ray pulse; 

(ii) collecting energy, including a plurality of photons, emanating from said 

mixture in response to said X-ray pulse; 

(iii) generating first and second signals in response to said collected energy; 

and, 

(iv) analyzing said first and second signals to characterize the mixture. 

21. A method of characterizing a multiphase mixture, as defined in claim 20, wherein act 

(ii) comprises collecting energy in a multi-layer detector. 

22. A method of characterizing a multiphase mixture, as defined in claim 20, wherein act 

(iii) comprises generating said first signal from energy collected in a first stage of a multi- 
layer detector, and generating said second signal from energy collected in a second stage of 
said multi-layer detector. 

23. A method of characterizing a multiphase mixture flowing along a flow path, 
comprising the following acts: 

(i) directing a plurality of X-ray photons toward a first location along the flow path of 

said mixture; 

(ii) collecting multiple photons of X-rays transmitted through said first location and 

producing a first signal in response to the collected aggregate energy; 

(iii) directing a plurality of X-ray photons toward a second location along the flow 

path of said mixture; 

(iv) collecting multiple photons of X-rays transmitted through said second location 

and producing a second signal in response to the collected aggregate energy; 
and, 

(v) analyzing said first and second signals. 

24. A method of characterizing a multiphase mixture, as defined in claim 23, wherein act 
(v) includes determining the flow rate of the mixture along the flow path. 
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25. A method of characterizing a multiphase mixture, as defined in claim 23, wherein act 
(v) includes cross-correlating said first and second signals. 

26. A method of characterizing a multiphase mixture, as defined in claim 23, wherein act 
(v) includes determining the flow velocities for individual components of the mixture. 

27. A method of characterizing a multiphase mixture, as defined in claim 23, wherein act 
(v) includes determining the composition of the mixture. 

28. A method of characterizing a multiphase mixture, comprising the following acts: 

(i) directing a first pulse of X-rays, having a first energy spectrum, into said 

mixture; 

(ii) collecting photons emanating from said mixture in response to said first X- 

ray pulse and generating a first signal in response to the aggregate 
energy of the photons collected; 

(iii) directing a second pulse of X-rays, having a second energy spectrum, 

different from said first spectrum, into said mixture; 

(iv) collecting photons emanating from said mixture in response to said second 

X-ray pulse and generating a second signal in response to the 
aggregate energy of the photons collected; and, 

(v) analyzing the first and second signals to characterize the mixture. 

29. A method of characterizing a multiphase mixture, comprising the following acts: 

(i) directing a pulse of X-rays into said mixture; 

(ii) collecting photons emanating from said mixture in response to said pulse, 

using a first detector, having a first response characteristic, to produce 
a first signal, responsive to the aggregate energy of the collected 
photons; 

(iii) collecting photons emanating from said mixture in response to said pulse, 

using a second detector, having a second response characteristic, 
different from said first response characteristic, to produce a second 
signal, responsive to the aggregate energy of the collected photons; 
and, 
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(iv) analyzing the first and second signals to characterize the mixture. 

30. Apparatus for characterizing a multiphase mixture, comprising: 

(i) an X-ray source irradiating said mixture; 

(ii) a detector collecting photons emanating from said mixture in response to 

said irradiation, said detector generating a signal responsive to the 
aggregate energy of the collected photons; and, 

(iii) means for analyzing the signal to characterize the mixture. 

31. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein (i) 
comprises a pulsed X-ray tube. 

32. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein (i) 
comprises a pulsed X-ray tube having first and second voltage sources. 

33. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein (i) 
comprises a multi-headed X-ray tube. 

34. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein (i) 
comprises a continuous DC-powered X-ray tube. 

35. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein (i) 
comprises a plurality of X-ray sources surrounding the mixture. 

36. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein 
said detector is a black detector. 

37. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein 
said detector has a defined response function. 

38. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein 
said detector comprises a filter, followed by a black detector. 
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39. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein 
said detector comprises a stage of a multi-layer detector. 

40. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein 
said detector comprises a plurality of detectors surrounding the mixture. 

41. Apparatus for characterizing a multiphase mixture, as defined in claim 30, further 
including means for providing a relative trigger delay between said source and detector. 

42. Apparatus for characterizing a multiphase mixture, as defined in claim 30, further 
comprising means for setting a relative trigger delay, between source and detector, to 
selectively collect photons within a preferred energy spectrum. 

43. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein 
said means for analyzing detects components of the mixture. 

44. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein 
said means for analyzing computes flow velocities for one or more component(s) of the 
mixture. 

45. Apparatus for characterizing a multiphase mixture, as defined in claim 30, wherein 
said means for analyzing detects the passage of slugs flowing in the mixture. 

46. Apparatus for characterizing a multiphase mixture, comprising: 

(i) a pulsed X-ray source; 

(ii) a detector, collecting energy, including a plurality of photons, emanating 

from said mixture in response to said X-ray pulse, and generating first 
and second signals in response to said collected energy; and, 
(iv) means for analyzing said first and second signals to characterize the 
mixture. 

47. Apparatus for characterizing a multiphase mixture, as defined in claim 46, wherein 
said detector comprises a multi-layer detector. 
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48. Apparatus for characterizing a multiphase mixture, as defined in claim 47, wherein a 
first stage of said multi-layer detector generates said first signal, and a second stage of said 
multi-layer detector generates said second signal. 

49. Apparatus for characterizing a multiphase mixture flowing along a flow path, 
comprising: 

(i) an X-ray source, arranged to direct a plurality of X-ray photons toward said 

mixture; 

(ii) a first detector, arranged to collect multiple photons of X-rays transmitted through 

a first location along the flow path of said mixture and produce a first signal in 
response to the collected aggregate energy; 

(iii) a second detector, arranged to collect multiple photons of X-rays transmitted 

through a second location along the flow path of said mixture and produce a 
second signal in response to the collected aggregate energy; and, 

(iv) means for analyzing said first and second signals. 

50. Apparatus for characterizing a multiphase mixture, as defined in claim 49, wherein 
said means for analyzing determines the flow rate of the mixture along the flow path. 

51. Apparatus for characterizing a multiphase mixture, as defined in claim 49, wherein 
said means for analyzing cross-correlates said first and second signals. 

52. Apparatus for characterizing a multiphase mixture, as defined in claim 49, wherein 
said means for analyzing determines the flow velocities for individual components of the 
mixture. 

53. Apparatus for characterizing a multiphase mixture, as defined in claim 49, wherein 
said means for analyzing determines the composition of the mixture. 

54. Apparatus for characterizing a multiphase mixture, comprising: 

(i) a first X-ray source, generating a first pulse, having a first energy spectrum; 

(ii) a detector, collecting photons emanating from said mixture in response to 

said first X-ray pulse and generating a first signal in response to the 
aggregate energy of the photons collected; 



WO 99/60387 



28 



PCT/US99/10911 



(iii) a second X-ray source, generating a second pulse, having a second energy 

spectrum, different from said first spectrum, said detector collecting 
photons emanating from said mixture in response to said second X-ray 
pulse and generating a second signal in response to the aggregate 
energy of the photons collected; and, 

(iv) means for analyzing the first and second signals to characterize the 

mixture. 

55. Apparatus for characterizing a multiphase mixture, comprising: 

(i) a pulsed X-ray source; 

(ii) a first detector, arranged to collect photons emanating from said mixture in 

response to said pulse, and having a first response characteristic, so as 
to produce a first signal, responsive to the aggregate energy of the 
collected photons; 

(iii) a second detector, arranged to collect photons emanating from said 

mixture in response to said pulse, and having a second response 
characteristic, different from said first response characteristic, so as to 
produce a second signal, responsive to the aggregate energy of the 
collected photons; and, 

(iv) means for analyzing the first and second signals to characterize the 

mixture. 
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